Introduction
If greenhouse gas concentrations are doubled, as predicted to happen by the end of 26 the 21st century, Roble and Dickinson [1989] and Qian et al. [200] indicated that the 27 decrease in thermospheric temperature will be as much as 50 K, and the decrease in 28 thermospheric densities at a fixed height will be 40-50%. Observations of thermospheric 29 total mass density by satellites revealed a 2-5% decrease per decade [Keating et al., 2000; 30 Emmert et al., 2004; Marcos et al., 2005; Emmert et al., 2008] , and have been considered as 31 evidence of thermospheric cooling. The ionospheric consequence of thermal contraction 32 includes a decrease in the F2 peak height [Rishbeth , 1990] , a decrease in the topside months, March, September, and October, have many more data points, and this was due [Zhang et al., 2005a; Zhang and Holt, 2008] . Therefore calculating the monthly median 124 is an important procedure to effectively avoid the oversampling issue.
125
The data are first binned into 24 local time subsets, each corresponding to observations 126 within 1 hour local time. This will allow us to derive the diurnal variation. The subsequent 127 procedure is the same as described in Holt and Zhang [2008] and Zhang et al. [2011] : the 128 data in a given local time subset is further binned according to height, with a 50 km bin 129 size. For a given height and local time bin, a monthly median is found if the number 130 of data points is greater than 6. Taking monthly median values allows us to eliminate 131 outliers, over-sampling issues for some of the months, and short-term (hours or days) 
where y is the floating-point year containing day number of the year information in the these cross terms which we may pursue in the future.
150
The monthly data may be decomposed into various components of variation as shown in
151
Figure 3. The decomposed data are residuals, for instance, the trend residuals (left panel) Figure 3 152 are calculated by subtracting regression values with all terms except for the trend one
153
(i.e., background, solar activity and magnetic activity terms from the monthly means) for 154 a given height bin and each of the 24 hourly bins. These trend residuals are the primary data we will be examining in the following sections. 
Result and discussion
We now present results for the Ti trend residuals, derived after removing solar and 174 magnetic activity influences as described in the last section. The overall feature can been 175 seen on the left panels in Figure 3 and a number of turning points may be summarized seems that some of these drops (in 1982 and 1993) in Ti are possibly correlated to volcano
182
activities. This will be further addressed in Section 4.2.
183
In the following subsections, we will describe trend variability with height, local time,
184
season, solar activity and magnetic activity. These characteristic variations are based on 185 trend residuals, with background constant, solar and magnetic activity terms removed. 
Diurnal and height variations
The long-term trend in Ti exhibits a distinct day-night difference. Here we define 187 daytime hours as 12±4 LT and nighttime hours 00±4 LT. Figure 4 shows the trends Figure 4 188 derived with a least square linear fitting using daytime, nighttime and all (24 hourly) stronger apparent warming.
218
The variation of the trend between the daytime and the nighttime is gradual as shown 219 in Figure 5 . Below 350 km, the sharp day-night difference with a characteristic apparent Figure 5 220 warming at night starts to emerge between 0500-0800 LT in the morning, being earlier 221 at higher altitudes, and between 1800-2000LT in the afternoon, being later at higher the trends in the current study arises largely from the characteristic diurnal variation in the 239 trends. Ti trends for these heights, however, may be different from Tn trends. In fact, Ti is 240 biased typically by ∼70 K from Tn at midday in spring for median solar activity at 350 km.
241
This bias is determined by neutral density, electron (ion) density and electron temperature, electron density reduction may lead to less energy transfer to the ions from electrons.
254
Therefore the long-term decrease in Ti is a combined result of increased cooling of the 255 ions by the neutrals and decreased energy transfer from electrons to the ions and neutrals.
256
The latter effect is less important at low altitudes due to the dominance of close thermal is less variable over the year, especially, at lower altitudes than at higher altitudes. At 
Solar activity dependency
The solar activity dependency of the long-term trend in the upper atmosphere has been 276 recognized as a profound feature with cooling and the related neutral density decrease be- shows an expected feature of more cooling at low solar activity than at high solar activity, however, a deep cooling around 90-125 of F107 is unusual and contributes significantly to 312 the overall strong cooling at low solar activity.
313
The CO 2 infrared emission at 15 µm is the dominant cooling mechanism of the ther- Figure 10 ). We can see that the cooling is more significant consistently throughout all Figure 10 362 heights, by more than approximately 1-2 K/year, for higher magnetic activity than for 363 lower magnetic activity. Proceeding as we did with F107 (as in Figure 9 ), we obtain the 364 magnetic activity dependency based on 4 groups of Ap indices ( Figure 11 ). A somewhat Figure 11 365 monotonic relationship between Ap and the trends can be identified: we can see that
366
cooling is gradually enhanced toward high magnetic activity.
367
A long-term increase in magnetic activity over the 20th century was indicated in some magnetic activity over the time frame ) of our observations is rather weak.
379
The Ap index, with an average of 14.5, drops at a rate of -0.018 /year, or by less than 380 1 Ap unit over the entire time span. This is simply too tiny. As shown in Figure 11 
462
The connection between the atmospheric temperature and volcano eruptive activities 463 has been explored previously. In general, the volcanic aerosol causes a decrease in the 464 mean global temperature because the droplets both absorb solar radiation and scatter
465
it back into space. This temperature decrease was observed during the El Chichon and Pinatubo eruptions (see, e.g., Rampino and Self [1984] need to be answered in more dedicated future studies.
Summary
This paper provides a comprehensive view of the long-term trend in the ionospheric variations in the trend, and these have to be carefully addressed for inter-comparisons.
In particular, the stronger cooling trend at high altitudes may be caused in part by less 510 energy transfer from electrons due to the long-term electron density reduction at high 511 altitudes.
512
(2) The cooling trend is strong during the day, and very weak during the night with a 
